During the winter of 1915-16, while developing a method for isolating the circulation through the tibia of the dog (1), two of us became interested in the active vasomotor control which the vessels of the marrow were shown to possess. At this time we undertook to determine what factors of coagulation (2) arose in the bone marrow, and in order not to complicate conditions physiological salt solution, Ringer's solution, and physiological salt solution containing small amounts of sodium oxalate were used as perfusion fluids. These solutions were delivered to the bone by means of a simple constant pressure apparatus and though usually oxygenated as thoroughly as is possible with such fluids, still it must be considered that they were relatively oxygen-free. Under the conditions of the experiments it was found at once that various characteristic marrow cells appeared in the effluent. Thus, nucleated red blood corpuscles, occasional myelocytes, and even at times megakaryocytes could be identified. Our attention was directed to the question of cellular egress by the observation that vasoconstriction, produced by the addition of small amounts of adrenin to the perfusing fluid, resulted in instant diminution of the number of cells leaving the marrow, and with the characteristic vasodilatation which concludes the reaction a large increase in the number of cells was noted. These findings paralleled those made 249
During the winter of 1915-16, while developing a method for isolating the circulation through the tibia of the dog (1), two of us became interested in the active vasomotor control which the vessels of the marrow were shown to possess. At this time we undertook to determine what factors of coagulation (2) arose in the bone marrow, and in order not to complicate conditions physiological salt solution, Ringer's solution, and physiological salt solution containing small amounts of sodium oxalate were used as perfusion fluids. These solutions were delivered to the bone by means of a simple constant pressure apparatus and though usually oxygenated as thoroughly as is possible with such fluids, still it must be considered that they were relatively oxygen-free. Under the conditions of the experiments it was found at once that various characteristic marrow cells appeared in the effluent. Thus, nucleated red blood corpuscles, occasional myelocytes, and even at times megakaryocytes could be identified. Our attention was directed to the question of cellular egress by the observation that vasoconstriction, produced by the addition of small amounts of adrenin to the perfusing fluid, resulted in instant diminution of the number of cells leaving the marrow, and with the characteristic vasodilatation which concludes the reaction a large increase in the number of cells was noted. These findings paralleled those made frequently in studies of the cellular composition of blood taken from the rabbit's ear during extreme vasoconstriction and during the succeeding vasodilatation. A difference existed, however, in the fact that in this case the vasoconstriction prevented the movement of cells from their place of origin, and this at once suggested the possibility that in the marrow there existed a formative tissue with a cellular product, and that the appearance of this product, the development of leukocytosis, or the appearance of nucleated red cells in the peripheral blood, depended to some extent on control exerted by these vasomotor nerves. This supposition has been found to be questionable but has been deemed worthy of mention as it has given the basis for our attack upon the problem in hand, since if vasomotor nerves controlled the output of cells from.the bone marrow they must accomplish this result by increasing arid decreasing the blood flow through the tissue, this being their only conceivable function. Our experiments ,have indicated nothing distinctive in regard to the vasomotor arrangements in the marrow vessels, nor do the anatomical investigations of Ottolenghi (3) indicate possibilities other than those ordinarily premised in considerations of vasomotor reactions.
Increasing experience with the isolated bone marrow circulation made it evident that it would be possible, ma.king use of appropriate perfusion apparatus (4) and using hirudinized blood, to circulate the tibial marrow thoroughly and with rates of flow which could be provided exactly. This work has been pushed forward and has been controlled by every means at our command since at best it involved radical experimental procedures., Our attention has been focussed upon the nucleated red corpuscles and our first presentations will deal almost entirely with the appearance of these cells in the peripheral blood.
It was, as has been said, our idea that increased and decreased blood flow might have something to do with cellular retention and extrusion by the bone marrow. Some ground existed for this belief. Thus, the leukocytosis of exercise is a common observation and crises of normoblasts in various anemias have been ascribed to circulatory phenomena in the marrow. In the perfusion experiments there existed a method for instant increase and decrease of blood flow through the marrow. What measures could be adopted to achieve similar and therefore controlling results in the intact animal? Two of these are discussed in this paper; namely, exercise and section of the vasomotor supply to the four limbs. These procedures have been carried out in normal animals and in animals rendered anemic and hyperplastic as to their bl0od-forming tissue by repeated hemorrhages. Hemorrhage and immediate saline infusion gave the third method for dealing with the problem. It would seem that nothing could be added to the literature of this last measure; yet no accurate studies exist of the time of appearance of nucleated red cells after hemorrhage and infusion, nor has the relation of the reaction to preexisting hyperplasia been studied. It has in the past been impossible to measure the extent to which blood flow through the marrow is increased by blood dilution after hemorrhage. This has been readily accomplished by means of the isolated marrow preparation. A later paper will present the results of these experiments together with a review of former work upon this phase of the subject.
We shall give a brief review of the conditions under which nucleated red corpuscles are found in the peripheral blood, with a discussion of the marrow hyperplasias in which nucleated red cells do not enter the circulation. In most instances organs delivering a secretion must pass it through a definite channel. Once formed, this secretion can be made Usable only after passage down a duct. In the bone marrow , while it seems possible to localize clearly erythrogenic groups, it has been impossible to follow the physiological act of the delivery into the circulation of young or adult cells. The character of the sinusoidal spaces into which these cells must pass is not thorougMy understood. Van der Stricht (5), Dominici (6) , and Brinckerhoff and Tyzzer (7), as a result of examinations of themarrow structure in the rabbit, believe that in this mammal the endothelial walls of the sinusoidal spaces are incomplete and that the circulation consequently wanders freely among the marrow cells. It would seem physiologically impossible to keep such a tissue intact were it not protected against changes in circulatory rate with extraordinary efficiency. This last condition does not exist, for we have found it possible to increase rate and volume of flow to an extreme degree without dislocating marrow cells. It is impossible to report fully as yet upon the injected marrow, but all our preparations indicate complete vas-cular integrity in the marrow of the dog. If this is the case, all the circulating erythrocytes in this animal must at some stage in their development pass through a membrane.
Unfortunately there is no definite histological knowledge upon the marrow circulation in the dog or in man. One is inclined to believe that tile facts in regard to the marrow vessels can be obtained only by careful injections, and yet even the studies upon the rabbit, which have been accepted as picturing the typical vascular arrangement in the mammal, have not been made by this method. It is i~bvious, therefore, that without definite knowledge of the moves which nucleated red cells must make to reach the blood stream no final division can be made of the conditions under which they appear. The following classification of nucleated red cell appearance is, therefore, based merely upon the most significant circumstances which seem to attend extrusion.
Nucleated Red Cells from Non-Hyperplastic Marrow under the Influence of Certain Poisons.
Ricin and Saponin.--In several papers Bunting (8) has given the blood picture and marrowcondition in rabbits poisoned by saponin and ricin. With the former particularly, nucleated red cells appear within 5½ hours,--before anemia is pronounced. They do not make their appearance until anemia has been produced, however, unless there is definite marrow vessel injury evidenced by hemorrhages into the tissue substance.
While nucleated red cells are found in the blood stream in chronic arsenic poisoning, phosphorus, chloroform, mercury, and benzene poisoning, their appearance is not accompanied by the acute changes emphasized in the case of the two substances first mentioned. As far as we can find it reported, nucleated red cell appearance in chronic or acute poisoning with any of the latter group occurs in the presence of anemia and may be considered due to the anemia and not to endothelial destruction or to breakdown of the actual marrow stroma.
Appearance of Nucleated Red Cells in Relation to Certain Leukocytic Reactions.--Ewing (9) mentions that fact that "severe leukocytosis in children or even in adults may draw a few normoblasts into the cir-culafion." Roger and Josu6 (10) found congestion and hyperplasia in the marrow 48 hours after the injection of Staphylococcus aureus into rabbits. At this time hyperplasia affected the nucleated red cells and it was not until later that myelocytic increase was prominent. Rieder (11) found nucleated red cells accompanying leukocytosis some time after bacterial injections. Sherrington (12) reports the same findings during high leukocytosis induced by sterile irritation of the skin and peritoneum. Morawitz (13) has held that the tendency of nucleated red cells to appear with posthemorrhagic leukocytosis argues against the fact that oxygen lack is the stimulus causing marrow hyperplasia after hemorrhage. Since there is no synchronism between the development of this particular leukocytosis and blast appearance his argument becomes of little value. Apparently any stimulus which causes intense hyperplasia of either group of marrow cells will result in extrusion of a few members of the other variety, possibly as a result of growth pressure alone. We must realize that growth in an enclosed space demands room and that the blood spaces, the marrow sinusoids, offer the most yielding means of egress. Timofejewsky (14) injected dogs and rabbits intravenously with large amounts of septic material and within 11 minutes found many normoblasts in the circulating blood, these cells appearing in the presence of the leukopenia which immediately followed the injection. Maximum numbers of normoblasts were found 2 hours after injection. Twentynine experiments on dogs and rabbits are found in this series. In all cases the animals were injected suddenly with large amounts of exceedingly putrid material, and while the interpretation is not one for which definite assurance can be given, since examinations of the marrow were not made, one is inclined to believe that large injections of toxic substance may act like saponin and ricin, causing acute degenerations of the marrow.
Careful discrimination must always be made between the conditions governing acute blast extrusion in the cases just discussed and those which may readily develop in the course of severe infections. Thus, acute rheumatic fever may be attended by severe anemia, moderate leukocytosis, and the appearance of normoblasts in the circulation. But in this ~ase there exists merely another instance of normoblast appearance in secondary anemia.
Nucleated Red Cells in Anemias.
Secondary Anemia.--That nucleated red cells enter the blood stream after single large hemorrhages or after repeated small ones has long been known. We shall at a later date present more accurate data upon the ,time of appearance of these cells, alterations in this time caused by repeated bleedings with resulting marrow hyperplasia, and other features of "the reaction. Hemorrhage and resulting anemia will not dislocate nucleated red cells immediately, as the injections of saponin and putrid material will. There is a latent period, usually of several days, before one can be sure that the cells'found have really left the marrow and have not been in the circulation before the bleeding.
Primary Pernicious Anemia and Chlorosis.--In these diseases blast appearance is irregular and there seems but one fixed feature in it; namely, that crises, first emphasized by von Noorden (15) and by NeudSrfer (16), precede periods of increased red count and physical betterment. In aplastic pernicious anemias no nucleated red cells occur; in other cases they may be extremely few and yet at autopsy an intensely hyperplasfic marrow may be found. "Blast appearance in anemias is ordinarily the expression of a vigorous effort to regain a lost position. The loss of these young forms into the circulation is, however, an expense and simply indicates an advantageous marrow reaction without being advantageous in itself. Stockard (17) has emphasized the fact that red cell formation demands a characteristic setting whether in bone marrow, liver, or spleen, and we shall show in a later paper how thoroughly the organism is protected against the loss of young forms from the marrow even in the presence of extreme hyperplasia. Hyperplasia alone then will not cause nucleated red cell extrusion, and this introduces another set of conditions which must be considered.
Nudeated Red Cells in Conditions Not Preceded by Blood Loss, Producing ttyperplasia and Polycythemia.
servations of Mfiller's which merit specific discussion, they never found normoblasts, though polycythemia occurred promptly and characteristically. Similarly Douglas, Haldane, Henderson, and Schneider (19) in the Pike's Peak expedition mention no nucleated red cells, though polycythemia was pronounced. Lastly, Loevenhart and his collaborators (20) have made accurate examinations of the effects of low partial pressures of oxygen with normal and with reduced barometric pressures. They obtained polycythemia together with marked marrow hyperplasia "Blood smears from animals showing increased blood counts after exposure to atmospheres poor in oxygen when stained with Jenner stain show a number of basophilic erythrocytes. This staining reactionis characteristic of newly formed erythrocytes." There is no mention of appearance of undoubted young forms, normoblasts or megaloblasts. Loevenhart's experiments made use principally of rabbits. It is worth mentioning at this time that these animals show normoblasts in secondary anemia produced by large hemorrhages much less easily than do dogs. One dog only appears in the series in question and there is no special note upon this particular feature of the blood picture.
Among other experiments carried out at low barometric pressure we may mention first those of Ganle (21) . This investigator made observations upon blood films in two balloon ascensions. The elevation reached was not great--4,200 meters at most--so that the immediate effect of oxygen lack, if this is the stimulus of high altitude, could not have been intensely acute. Yet he reports blood films loaded with normoblasts and publishes photomicrographs to illustrate this fact. We are inclined with Zuntz (18) to regard the evidence presented by these photomicrographs as due to artefacts and question the results emphatically. Schauman and Rosenqvist (22) , however, in a series of experiments in which they reduced pressure suddenly in a large bell glass under which animals could be kept, an apparatus lacking, it is true, most of the refinements with which Loevenhart safeguarded his more thorough experiments, were able in a few cases to obtain evidence of sudden blast extrusion. This did not occur in all cases, but in two instances at least, within 24 hours, they found many blasts in the blood of one rabbit and one dog when previous observation.had shown none. It is, however, a noteworthy fact and one which will be discussed in a later paper that nucleated red cells have no increased tendency to appear in the blood in the presence of advanced hyperplasia. Indeed, the first reaction noted in dogs subjected to repeated bleedings may be disappearance from the blood of the ordinary low normoblastic content. Something more than hyperplasia is needed to dislocate these marrow cells.
It may be held in relation to the conditions now under discussion that the stimulus is applied more slowly than we are accustomed to see it in secondary anemias due, for instance, to sudde n large hemorrhages. This is true of most observations made upon human beings at high altitudes, since in these cases the experlments are not usually carried to the danger point. And it is to be remembered that Schauman and Rosenqvist (22) by sudden reduction of pressure with no other change in the condition of the animal did find blast extrusion in two cases. Loevenhart and his associates (20) found it impossible to keep animals at oxygen percentages below 7.0. They, however, brought several animals to this minimum, kept them there a week, and include them in their statement as to the blood morphology; i.e., many bluish-stalning forms, no mention of blasts. The polycythemia of low oxygen tension occurs with considerable rapidity. In these experiments maximum increase was never obtained in less than 1 week, but some increase was usually evident after 2 or 3 days. Oliver (23) found immediate increase on arrival at a high altitude, and his experience is borne out by others, notably Douglas, Haldane, Henderson, and Schneider (19) , Vianlt (24), Mercier (25) , Miescher (26) , and Schneider and Havens (27) . It requires, however, extraordinary and dangerous application of the stimulus operative in these cases to cause blast extrusion. Another feature to be emphasized is that these cells will appear as readily and as quickly with the marrow in normal formative equilibrium as in the presence of much larger volumes of hyperplastic tissue.
Two other sets of experiments deserve notice in this connection. Reusch (28) attempted to localize stimulation of the marrow by means of what he designated as oxygen lack. In 2 hour periods daily over a long time he tied off one leg of a dog with a rubber tube, thus cutting off all the circulation, or a large part of it, to the femur and to the tibia of the leg in question, believing that he could secure marrow hyperplasia in these bones by this method. He failed, and failed again in an attempt to get new islands of blood-forming tissue in the liver by means of hepatic artery ligation and consequent deprival of oxygen. These experiments attempt to localize stimulus and effect, a feature which is unfortunately lacking in work upon the bone marrow because of the inaccessibility of the tissue. Had this crude attempt at isolation of the tissue succeeded, the nature of the stimulus to hyperplasia might be considered to have been limited at least to some degree. While at present it appears justifiable to hold to the idea that oxygen lack achieves this result directly, we are always confronted by the fact that it may be the secondary result of oxygen lack upon other tissues.
Mtiller (29) has made the only investigations which we have been able to find of blood taken directly from the nutrient vein of the tibia of the dog. He isolated this vein by removal of the fibula with as little hemorrhage and interference with respiration as possible. Under these normal conditions the blood so obtained agreed in cellular composition with blood from other parts of the body. Within an hour after severe hemorrhage he found many nucleated red cells in the nutrient vein blood. Similarly these cells were obtainable after 20 minutes' clamping of the nutrient artery and after rather prolonged general asphyxia produced by breathing a nitrogen-or a carbon dioxide-rich atmosphere.
Mtiller attributes the appearance of these blasts to oxygen lack. He seems to show definitely that local asphyxia results in dislocation of the cells in question. There is no indication, however, as to how this acute reaction is brought about and the observations are unfortunately given without thorough evidence of care taken in controlling the work, the manner of investigating numbers of nucleated red ceils, etc. There is also no evidence as to the degree of hyperplasia of the marrow which existed when the observations were made. These are aU matters of importance and may lead readily to misinterpretations of .phenomena.
Mfiller also took part in one of the Alpine expeditions headed by Zuntz, and advantage was taken of his method for getting nutrient vein blood in the course of this group of experiments. While, as we have said, their animals showed no blasts in the peripheral blood stream, the statement is made that the nutrient vein blood was full of these cells when examined alone. The belief is advanced that nucleated forms are being continually cast into the blood stream but that they are apparently unable to survive in this free swimming condition and promptly disappear--where or how is left for conjecture. We shall show in our experiments that at times it is easy by means of exercise to change the number of normoblasts found in blood films, and-we are disinclined to believe the results quoted, in the absence of evidence as to the procedures gone through before the decision of blasts in the circulation was given.
EXP~I~ T~NTAL.
The Effect of Exercise.
The first procedure adopted to test the effect of circulatory changes in the bone marrow upon the peripheral blood of the intact animal was that of exercise. It seemed safe to assume that exercise, since it increases the flow of blood through the other organs of the body, would increase the flow through the bone marrow as well. There is no direct means of testing the effect of muscular work upon blood flow through bones since the dissection involved inevitably destroys the possibility of exercising efficiently.
The leukocytosis of exercise has already been studied. Schulz (30) in a series of observations upon men found that an increase of from 1,000 to 4,000 leukocytes per c. ram. of blood would accompany vigorous muscular effort. This leukocytosis occurred simultaneously with the increased pulse and respiration rates induced by the muscular work and, according to Schulz, disappeared in the course of 15 minutes as the pulse and respiration returned to normal.
Burrows (31) in a study of leukocytosis associated with convulsions has recorded two control experiments in which he found leukocytoses of moderate degree and short duration following vigorous exercise.
Schneider and Havens (32) in a series of 36 experiments made upon 9 subjects found an increase in the number of white corpuscles following exercise, which varied from 1,170 to 11,670 cells per c. ram. Similarly, Hawk (33) 35) , in studies on young men before and after a Marathon race of 24 miles, record the finding of an invariable leukocytosis which varied from 14,200 to 27,700 cells per c. ram. of blood. These observeis also record the fact that no. abnormalities in size, shape, or coloring of red cells, and no nucleated red cells could be found. With this exception none of the above writers record observations on nucleated red blood corpuscles, the type of cell with which we al e primarily concerned.
Our experiments may be considered under three main heads: the effect of exercise (1) upon normal animals, (2) upon hyperplastic animals with large numbers of normoblasts in the peripheral blood, and (3) upon hyperplastic animals showing few or no normoblasts in the peripheral blood stream.
Before discussing our results we shall review briefly our methods of making blood examinations. In selected cases specimens were obtained by withdrawing blood from a superficial vein with a hypodermic syringe, but in the majority of cases blood was obtained by subcutaneous puncture. Dogs were used as subjects throughout this series of experiments.
The examination of each specimen consisted in counting the numbers of red and of white corpuscles per c. ram. of blood, and in making blood films. The red corpuscles were diluted with Hayem's solution; the white with a 4 per cent solution of acetic acid. The same pipettes and the same Thoma-Zeiss counting chambers were used throughout and all blood counts were made by two of us. The blood films were stained with Wright's stain, and were then examined with respect to the number of nucleated red corpuscles present. In each film 1,000 white cells were counted and the number of nucleated red cells which were observed during the process of this count was recorded. Let us assume, for example, that a certain dog gave a leukocyte count of 15,000 and that the film from this animal showed 10 normoblasts per 1,000 leukocytes. The number of normoblasts per c. ram. of blood would then be estimated as being 10 times 15, or 150. This method of estimating nucleated red cells has been used with reason-ably satisfactory results by Timofejewsky (14) , by Bunting (8) , and by others, and we agree with Timofejewsky in finding it more satisfactory than any method of direct counting in a counting chamber.
The In carrying out an exercise experiment the animal to be studied was kept as quiet as possible before the experiment began. In the earlier work, both before and after exercise, one red and one white count and two blood films were made, all specimens being obtained by subcutaneous puncture. In later experiments at least two sets of counts and of films were made both before and after exercise; one set of specimens being obtained by subcutaneous puncture, the other set by withdrawing blood from a superficial leg vein. In some cases blood was also obtained by cardiac puncture.
After satisfactory specimens had been obtained the animal was .exercised as vigorously as possible. A variety of modes of exercise was used. Among these were running in a treadmill, being towed by NUCLEATED tLED BLOOD CORPUSCLES. I a motorcycle, and running on a leash until the animal was well blown. Red and white counts and films, exactly comparable to those taken before exercise, were then secured, and the figures for all four observations compared. The results obtained in this way, as far as nucleated red cells are concerned, were remarkably uniform. Every dog observed, whose blood contained normoblasts before exercise, showed a slightly larger number of these cells after exercise. Some animals in whose blood no nucleated red cells were found before exercise displayed a few of these cells after vigorous muscular effort; other animals continued to show none. Typical examples of this result are shown in Table I .
The Effect of Exercise upon Hyperplastic Animals with Large Numbers of Nucleated Red Cells in the Capillary Blood.--Observations as to
the effect of exercise upon normal dogs were followed by similar studies on a number of animals rendered hyperplastic by repeated hemorrhages of varying severity and frequency. During the course of development of hyperplasia the effect of exercise upon the animals was frequently tested. Exercise tests were made, at times a few hours after a hemorrhage, at other times days or even weeks after the last bleeding. Animals treated in this way pass through several phases in respect to the number of normoblasts which appear in the peripheral blood stream. Normal animals, showing a few normoblasts, may present a slight increase after the circulatory stirring up of exercise. In the 24 hours immediately following a large hemorrhage no significant increase in normoblasts occurs. Specimens taken before and at frequent intervals immediately after a hemorrhage either show no difference in nucleated red cell content, or show at best a slight increase after the hemorrhage, due in our opinion to a general stirring up of the circulation such as obtains in exercise.
But in the early stages of blood regeneration, evidenced by increasing red cell counts, normoblasts appear in larger numbers. Exercise increases the number of these cells in the capillary blood,--an increase practically in inverse proportion to the amount the animal has been allowed to move about before the specimens are taken. Later, as regeneration becomes complete, normoblasts largely disappear from the circulation, and at this stage few or none can be obtained by exercise.
It is evident, therefore, that exercise plus anemia will not bring forth normoblasts, or else these cells would appear as a result of the exercise immediately after hemorrhage. Nor is exercise coupled with marrow hyperplasia capable of causing their appearance, for nucleated ceils do not appear following exercise in the late stages of regen- Remarks.
Bled 350 cc.
" 175 "
Hard exercise in treadmill Bled 175 cc.
Exercise, running in the hall.
Bled 180 cc.
Very moderate exercise.
Moderate exercise in treadmill.
Bled 360 cc.
Hard exercise in treadmill.
Exercise in treadmm.
* In bleeding animals, in order to secure as large a reduction of cells as was possible with safety, withdrawals of blood and injections of salt solution were alternated in the same operation. The figures given in the tables ~xpressing the size of the hemorrhages represent, therefore, a mixture of blood and of recently injected salt solution. eration when hyperplasia is extreme. Exercise gives more cells when cells are already present, and in this condition only.
NUCLEATED RED BLOOD COI~PUSCLES. I
The figures in Table II are taken from dogs in the early stages of the hyperplasia following hemorrhage. We have many more figures to the same effect but these given suffice to prove the point; namely, that 'animals, possessing in their capillary blood fairly large numbers of normoblasts before muscular effort, show still more of these cells after the general Stirring up of exercise.
It seemed possible, at first, that the increase in nucleated red cells resulting from exercise was perhaps due to an output of cells from the marrow tissue, that the speeding up of the circulation occasioned by vigorous muscular effort had caused a real crisis of blasts, compar-able perhaps to the blast crises of anemia. But further study convinced us that this interpretation was wrong. In experiments in which samples of blood were taken from different sources before exercising the animals, an unequal distribution of nucleated red cells was occasionally found. A specimen obtained by subcutaneous puncture, for example, would contain relatively few normoblasts while a second specimen taken from a superficial vein within a minute or two would show a much larger number of the cells. After exercise the second subcutaneous specimen would show a marked increase in the number of nucleated red cells, a result completely in accord with our former experiments. But the second vein specimen, on the contrary, would show fewer nucleated red cells than before exercise. An average of the observations before and of those after exercise would give practically the same figure. The observations made on Dog 3, shown in Table III , illustrate this point.
This suggested that probably the increase of normoblasts in the capillary blood following exercise, which at first sight seemed possibly a real crisis of' blasts extruded from the marrow tissue, was in reality merely the result of a general stirring up of the circulation and of a consequent more even distribution of blood through the peripheral area. Further experiments supported this idea. We found that any procedure calculated to cause a considerable stirring up of the circulation, such, for example, as hemorrhage and infusion, would ira-mediately increase the number of blasts in the peripheral blood, provided that any had been observed at the beginning. The suddenhess of the increase in all these cases weighed in favor of the view that the newly observed cells had been hidden away in deep lying vessels, possibly in the veins of the marrow itself, and, as a result of the increased rate of circulation incident to the hemorrhage and infusion, had been driven out into the open.
As the experimental animals became more hyperplastic and developed refractory periods in relation to the extrusion of blasts, periods in which practically no nucleated red cells could be found in the peripheral blood either before or after exercise, we became convinced that exercise serves only to give a true picture of the nucleated red cells already in the circulation, and has no influence whatever on their extrusion from the marrow tissue.
The Effect of Exercise upon Hyperplastic Animals Showing Few or No Nucleated Red Cells in the Peripheral Blood
Stream.--After a time many animals become adjusted to periodic bleedings and pass into periods when few or no nucleated red cells can be obtained by subcutaneous puncture, no matter how vigorous an effort is made to stir them out. These refractory periods have a definite-relation to the process of regeneration after hemorrhage. In general they occur just after a hemorrhage when the red count is low, and again when regeneration is almost complete. If the animal has become adjusted to frequent bleedings and a particular hemorrhage is not a severe one, the refractory period may last throughout the entire process of regeneration. If, however, the hemorrhage is severe, the early refractory period is followed by a true formative crisis of blasts which lasts from l to several days. The height of this crisis varies with the severity of the hemorrhage and with the degree of ability to resist normoblast extrusion, which the animal may have developed.
During these two refractory periods, when few or no blasts are to be found in the peripheral blood, exercise will not bring them out. The figures given in Table IV are taken from two hyperplastic animals in refractory phases and will serve to demonstrate this point. The first figures in Table IV (Dog 5) represent a refractory period occurring after a hemorrhage when the red count was low. The second set of figures (Dog 7) are taken from a young dog whose marrow was presumably hyperplastic at the beginning. When normal this animal showed no nucleated red cells before exercise and 123 per c. ram. after exercise. After one bleeding and regeneration to normal, he showed the completely refractory period recorded in Table  IV . Throughout our entire experience with this animal he showed a remarkable resistance to the extrusion of blasts. Table V gives an almost complete picture of a single dog passing through the various periods into which we have divided our exercise experiments. Unfortunately this animal was not exercised before it was bled, so no figures can be given showing the reaction to exercise while yet normal. On January 5, the first experimental day, this animal was bled 710 cc. Before the bleeding two observations showed no normoblasts in the peripheral blood. Mter the hemorrhage, which reduced the red count from 5,696,000 to 3,831,000, eleven observations gave an average of 15 normoblasts per c. ram. This increase we believe to have been due to the stirring up of the circulation incident to the hemorrhage and infusion, and in this respect to be corn- parable with an exercise increase. The figures on this animal for January 17, March 2, and March 8 show a typical reaction to exercise in the early stages of hyperplasia. The number of normoblasts in the animal's blood on these days was very high before exercise, and in each case was decidedly increased after exercise. It is interesting to note in this table the gradual development of an ability on the part of the animal to keep the nucleated red cells This tendency reaches its height, as far as this series of observations is concerned, on March 17, when the animal, starting with an average of 27 blasts per c. ram. before exercise, showed an average of 40 of these cells after exercise.
The Effect of Nerve Section.
In the early days of microscopic blood examinations, when the relative constancy in health of the red and of the white blood count was first appreciated and when the speed with which these counts could alter in disease became known, it was natural that investigators should look for nervous control of blood composition. Thus, Cohnstein and Zuntz (36) in 1888 examined the results of the complete vascular paralysis caused by spinal cord section at the level of the seventh cervical vertebra. They .found that a great lowering of the red and of the white count followed this section, which was of course accompanied by complete vaso-NUCLEATED I~.ED BLOOD COP,,PUSCLES. I motor collapse. They attributed this blood dilution to transudation of tissue fluid into the vessels when their tone was destroyed. Malassez (37) in a brief note states that denervated parts usually give lowered red counts, but he presents no more than this brief statement.
It is obvious that such experiments as those of Cohnstein and Zuntz would not achieve the result demanded by our experiments, namely, increased flow through the marrow vessels, since in the collapse following complete vasomotor palsy the peripheral blood stream becomes very sluggish. It was therefore necessary to provide nerve sections which could be shown to have no effect on general blood pressure but which would at the same time open a large number of marrow vessels. We therefore cut the two sciatic nerves very high in the thighs and both brachial plexuses above the upper ends of the humeri. These sections result in vasomotor paralysis of the vessels in the long and the small bones of the four limbs. The operation in each experiment was carried out under sterile conditions. Blood examinations (erythrocyte, leukocyte, and normoblast counts) were made prior to surgical procedure. All operations were performed under morphine and cocaine anesthesia with brief administration of ether, if necessary, at the time of the nerve sections. Blood pressure ,tracings were made before nerve section and afterwards at intervals throughout the remainder of the day in order to follow the circulatory condition of the animal. The operation never gave shock. Following the nerve section we were able to maintain a normal blood pressure throughout the rest of the day while we followed at frequent intervals the cellular composition of the blood in order to see whether the increased blood flow through the bones enumerated caused egress of cells.
The results of the nerve section experiments were negative. There occurred either no change at all in the number of normoblasts present in the peripheral blood, or else so slight a change as to be within the limits of error of the method used in counting the cells.
Text- fig. 1 gives a graphic picture of a typical nerve section experiment performed on a normal dog (Dog 8). Three observations on this animal before nerve section, extending from 8.55 a.m. to 11.41 a.m. gave an average of 13 nucleated red cells per c. ram. of blood; seven observations after nerve section, extending over a period of 5 hours, gave an average of 21 nucleated red cells per c. mm.--an insignificant increase. The early rise in the erythrocyte count shown in this chart is a phenomenon, rather marked in this case, which we have often seen following morphinization. Before nerve section, however, the red count had reached a level which remained more or less constant throughout the afternoon. Fig. 1 gives the blood pressure record of the same animal during the course of the experiment. Tracing 1 was made shortly before section of the nerves. Tracing 2 was made before, during, and after nerve section, the time occupied by nerve section being indicated by two crosses (% .... +) on the record. Subsequent tracings, 3 through 9, were made at intervals during the 5 hours re]lowing nerve section. It will readily be seen that the animal maintained a normal blood pressure tkroughout the course of the experiment.
A similar experiment was performed on Dog 7 which had been bled and infused five times previously and whose marrow as seen at autopsy showed extreme red cell hyperplasia. Two observations on this animal before nerve section gave an average of 41 nucleated red cells per c. ram. ; eleven observations, during a period of about 5 hours following the operation, gave an average of 47 nucleated red cells per c. mm. In this animal 3½ hours after section of the nerves the effect of general asphyxia upon normoblast extrusion was tested by repeated clampings of the trachea. This procedure caused each time a marked rise in blood pressure but had no effect upon the appearance of nucleated red cells in the peripheral blood.
With the exception of one animal (Dog 9), in which the small but decided increase after nerve section of from 645 (average of three observations) to 908 (average of seven observations) normoblasts per c. ram. was obtained, all nerve section experiments gave negative results.
CONCLUSIONS.
1. Increase in circulatory rate caused by hard exercise has no power to dislocate nucleated red cells from the bone marrow either in normal, in anemic, in hyperplastic, or in anemic and hyperplastic animals.
2. In anemic and hyperplastic animals pseudocrises of nucleated red cells can be producedat certain periods by hard exercise, but careful analysis leads inevitably to the conclusion that the increase in these cells is merely a more accurate expression of circulatory content at the time of the procedure.
3. Section of the vasomotor nerves to the four limbs with consequent dilatation of the marrow vessels and increased blood flow through the tissue does not result in the freeing of nucleated red cells from the bone marrow.
